I RFQUENCY.SHIFT KEYING 
BY I'l-IE OUTPHASING METHOD 



J •' BURRILL 



Library 

U. S. Naval Postgraduate School 
Monterey, California 



Artisan Gold Lettering & Smith Bindery 

593 - 15th Street Oakland, Calif. GLencourt 1-9827 



DIRECTIONS FOR BINDING 



BIND IN 

(CIRCLE ONE) 


LETTERING 

TO BE EXACTLY AS 

PRINTED HERE. 


BUCKRAM 

noi OR NO 


BURRILL 


FABRIKOID 




COLOR 


195/* 


LEATHER 




OOLOR 




OTHER INSTRUCTIONS 


Thesis 


Letter in gold. 


B885 


I etter on the fr 


int cover: 


FREQUENCY-! 
BY THE OUTP 


SHIFT KEYING 
■USING I'ETHOD 


J . T. 


BURRILL 



FR~)UENCY-SHIFT KEYING 



BY THE 0'JTPHA.SIIIG METHOD 



by 

J. T. j^UHRILL 

Lieutenant, Uruted States Navy 



Submitted in partial fulfillment 
of the requirements 
for the degree of 
MASTER OF SCIENCE 
in 

ENGINEERING ELECTRONICS 



UNITED STATES NAVAL I o vTGEADUAT^ SCHOOL 

Monterey, California 

195U 



1 brarv 

T . S. Na v il P bcLool 

Mont fey, Calif unua 



This work is accepted as fulfilling 
the thesis requirements for the degree of 
MISTER OF SCIENCE 
in 

ENGINE-RING ELECTRONICS 
from the 



UNITED ST.T^S N.iVlL i OSTGRADUATE SCHOOL 



PREFACE 



This investigation of the feasibility of employing the outphasing 
method of single-sideband production for frequency-shift keying vms 
undertaken at the United States Naval Postgraduate School in Montercv, 
California, during the academic year 1953-1-9^11. The system has the 
primary advantage of permitting an effective frequency shift to be 
made at the desired channel frequency or submultiple , as well as 
employing amplitide-modulation and simple conventional circuitr/. ;>n 
experimental model was constructed to demonstrate the principles and 
difficulties involved. 

Of great assistance in the preparation of this paper has been 
Professor Earl G. Goddard, to whom the writer is indebted for the sug- 
gestion of topic and guidance throughout the investigation* 
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CHaPTER I 
INTRODUCTION 



1. Summary. 

The method of production of single-sideband transmission by the out- 
phasing technique may be employed for frequency-shift keying, wherein the 
uooer and lower sideband signals are alternately transmitted in corres- 
pondence with the nark and space conditions of a teletypewriter inout 

by phasing out the unwanted, sideband. Signaling is accomplish'd by 

/ 

shifting a constant amplitude carrier between two frequencies, in effect, 
as in other k-y^rs, but the production of each fr*qu®ncy is by means of 
an amplitude -modulation process rather than by means of frequency-modul- 
ation as in the common types of keyers. 

An attractive feature of this system is the relative ease with which 
the "shifting r ' may be performed directly at the desired chcnnel frequency 
or a submultiple thereof. Satisfactory frequency-shift systems are now 
in use, but the more common type employs a separate oscillator of a rel- 
atively low frequency as the source whose frequency is directly shifted. 
This oscillator output is then combined with the transmitter's frequence. 
In this way, the transmitter frequency must be offset from the desired 
channel frequency by an amount that bears an integral relationship with 
the ki-yer frequency. Other systems have been employ®! using the trans- 
mitter carri-r frequency directly, and ^ven in some cases two ind® pendent 
sources at the required separation. These latter systems have not proved 
v®ry useful, and the offset frequency system involves a gr»at probability 
of oo *rator error in adjustment and operation as w«ll as consid ra le 
bulk. 
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It is tfius t v '~ objective of this pa yer to ir-ssem, t^e re ;ults of 
investigation and evaluation of the outphasino method of frequencv- shift 
keyin'*, particularly as it nav bo used to directly 3hift the tiansnitt^r 
frequency at the desired channel frequency or a direct submultiple there- 
of, and with th° possibility of reducing the size and co v>l''xitv of pre- 
sent keyers. This preliminary investi -ation was partially experimental 
and lar ;oly theoretical, and bears out tee advantages and the limitations 
of the system. 

2. Description of Basic System. 

In the outphasing system, an r.f. excitation source, w ich is at the 
operating frequency or sebnultiole, is used as the carrier inxvt to two 
balanced modulators, while an audio oscillator provide s the modulatin • 
si~nal. The frequence of the audio signal is that of the desired shift 
above or b®low the mean frequenev, takinv into account that this nay mod 
to be a submultiple because of later frequence multiplications in succeed- 
ing stages of the transmitter. Th" r.f. carrier is sxLit into two components 
that arc identical except for a ohase difference of pO decrees. The audio 
signal is likewise split into two >onents of equal amplitudes, one having 
a ohas** difference of plus pO decrees or minus 90 decrees wi th resp"ct to 
the other. One r.f. and one audio component am combined in *ach.of th" 
balanced modulators. Each balanced modulator nay be . iad~ uo of two 
modulator tubes in control-grid, screen-grid or plate modulation, or of 
rectifiers (germanium, copper oxide, or thernionic) in bridge or ring 
modulator circuits. 

In each balanced modulator the .-arrier and audio signals are supplied 
in such a way that the carrier doe3 not appear in the output, or is greatly 
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sti-opr'’* jsod, but that the side: ands do a> )<-ar. The r.f. is Introduce' iii 
parallel, for example-, while the audio is introduced in push- anil. By 
taking t %< * double -sideband out out of rt acii modulator in a pair to o ( )osito 
end3 of the output tuning coil (push-pull), the carrier cor sonant is 
balanced out or greatly suppressed, while both the sidelands remain. 

Balanc'd modulators can also be connect'd with the r.f. drive an'" 1 the audio 
inputs in push- mil and the out out in pai all cl with o^u .1 offoctivenoss. 

One sideband is produced when tV audio frequency components to the 
two balanced modulators bear a plus 90 d?grc -a abase relations hi o, while the 
other sideband is produced w N en one of th* sc components has been further 
shifted by 180 decrees. The possibility of shifting the p base of this one 
audio frequency component at a high rate of speed is the princioal factor 
which, makes this system suitable for teletypewriter operation, provided 
that in so doing only negligible distortion results. 

One . ethod is to make outputs of the audio signal loO decre es in 
phase always available, say on opposite ends of an out out coil or as the two 
outouts of a oaraphase amplifier. Then a switching device is used to per- 
mit the selection of the proper audio ohase at a high rate of speed and 
minimum transient time. The switching device must offer no change of the 
output phase in itself. It may perform the switc i instantaneously without 
passing through intermediate phases, or it my do it by a fast, smooth trans- 
ition passing through all intermediate phases. .Additionally, when the audio 
modulation is removed from one pair of modulators, as during the mark- to - 
space transition, it is desirable to remove the audio modulation from the 
other pair to prevent the radiation of a double sideband signal. 

The essential components of an experimental svst r,v n constructed are shown 
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in tile block tii gram of Ji wve 1 



. iih the kcyer ir one position, tii© 



upper sideband is ph sod out, rd the JLc :er sidoi.,nd rcmirs. . ith the 
keyor ir* the other usiiior, the upg-r cit b na rcr ir-e, in a neutral 
conditio* ox the heyer 1:0 oui-a: is prepuce , cisco tho c rrier is bxl need 
out in the U lanced ..*ouul utors. 

• ! •- 1 hei-i.. *. ict.l Jeriv uici. oi Outputs, 

In hit) following treatment* tho convention is iollo\;ed of n voltaic 
of 0 dogroes phase doing taken ru*. themac icuily a posixive sine function, 
'ectori lly, ^eru pha.se is c .ken horizontally to ^ he ri^hx v.ith in- 
ere sing pi: so counter-clock . isc. .1 no< ul te \r ve, ccmietirg of l 
c rrier ru ucth si; ob r: s, is she n riih the positive upper sic ob 1 nd 
vector ;.rbi tr-r Iiy ...t pla» 30 degrees ..ith respect be the position of a 
Currier vector of the s-ue trigonous uric .or .. ^imil Tly, tue positive 
lo..er sL.eL-nd vector occupies the -usition irtus 30 degrees aixn retpocc 
to the position oi u carrier vector of the soxe trigonometric form. 

The foliu rii.g is t *. theTu^tlc.-l derivation of the sin.lo-siv^eb-nd 
ou puts. In producing th~ lo or shtu' n< , the key position is .o t.ic ri^ht, 
Introducing the ~ubio si n*l at j u„ 0 roes h so o c- pntsos i-Tt m w/ork. 




. Gd’i3r ter ID r roouces the folic ir / 




block diagram 




Fi 



/ 





1 odul itor 2A produces the following: 

— E ( I + m sin u) s -t) sin 

- -£ sin a> c t -h4j-<u>s (oJe+^t - ^ (u) c -^) t 

1 odulator 2D produces: 

£ ^ / — /*» sin ^) s *t ) sin • uJc't 

~-E ^ - "Y 2 -f 4p ^ 1 

The combination of 1A and 2A at point A of the output tuned circuit 
gives: 

(M + 24 ) 

- _£ (eo*. oj,t + sin u>S) — Em cos 

The combination of IB and 23 at point 3 of the output tuned circuit 
gives: 

(IB f ZB) 

— —E ( cos i- Sin **Vt) -p B" *' n ' os { sO s )~t 

Since points A and 3 are on opposite ends of the output coil, the net 
output becomes the difference: 

/}-g - -2 Em ecs (cj c - a) s )t 

which is the lower sideband. 

In producing the upper sideband, the individual outputs of modul- 
ators 1A and IB are changed, while that of 2A and 23 remain as before, 
lodulator 1A output becomes: 
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__ £ ^ i — yy t CoS CoS u) c ~t 

= -E« «vt + 4 r c + ip us (^-^ x 

I odul tor 1^ output boconos: 

— ]£ ( } ~h KH C0>S o) s 't') C£S 

, £*>, / , /5 \4_ ^j S (ju) a -£+)&\t 

^ -£ e *s o) t t -^c^(cv t +^)t - z ^ 

so that at point A, ( \ = 1\4* 2t) 

— - E (cos a> c -£ ^ s.'n *>«*) -h E *n (Los ( 4 ^\± 

and -t point '% (B = 13 -f- 2 r ) 

- - E (cos Hi- +Sm <**)-£'» <W‘A^) t 



?hu net output then become si 



/) -B - Z£>* ios(^+^)t 



'..'hich is ac upper cicoc nd. 

It can easily be shovm that if the audio ci nr.1 had been reversed 
in /naso to both pairs cf rscrul- ors , no ch-ii£;e in wideband :. - ould have 
been produced upon keying. 

fhe vectorial coubi’-atiors it the various output points are .Iso 
s.io’vn cn figure 1* ..ith the solid v ctors represent i*^ the loi. -r wideband 
no tho uottod vectors representing, the upper sideband. 
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Cl.PTBft II 



c . His -'rr~ ir ^ c r -3 'ivt jyjT*..s 

1.. G'' i^ral Ty.D‘3. 

The /“norabinn of a iroqu-no /-shift R-''V' ,r1 ai jnal suitable for t-A*'- 
t'oewriter use ia/ b« acco.-iolishcd in :• veral wavs. In general , th n 3 o are 
of thro-" t'v.s: s iftin.j between two inde jend'nt so"rc»j; variation of t’ n 
i asic i r^nsnc r ' a f rexju e nc /-modulation process j and tie us.' of an audio 
si .nal to undulat' a earner, producin' a double-sideband of arplitude- 
• wd ulation, froi.i w :L h t <o u o x r an' 1 lower sidebands arc alternately 
ssl ?e t“*d. 



S">i.io success as been re port 1 bv Buff (l)a- for ordinary tele iraoi 
f requeue v s Aft b ' vsin* two crystals differin'' six' iti / in frequency and 
alt^rnatel ' - ko-y d -y eans of an electronic switch or uecianical relav. 

Davw ar' 'at to (2) mention that /requeue" 3 lift savin • ias been provided 
'-’V suite' ' 1 -®tw- '.i two inie > n^urt sources of carrier current sooaratej 

- r '’"sir*"'' s lift, vt ooint o”t tat t •>'* frequonc r transitions oxt^n 
involve s' v iV-i > asc discontinuities of rarr’e valu-s, and thus result in 
t n insta .tanoo' s frequency swin jirij c 'ns Id • rally o< laid* tic steady-state 
■ark a 1 s )ac” frequencies. 

Of t’O iroquonc /-..loiulation t"p'3, t>- s lifted oscillator oa" be ti® 
natter oscilLator or a sub-multipl , or it raav be a s^nara be oscillator 
wide* is dic'd with t' e brans. fitter vaster oscxllauar or its subnultiple. 

.n o.rl ,r u • r er reduced in tV Cell Laboratories is not ^ by Vanderliope (12) 
and is a unit u o w’ icb t » d.c. t-il-t /ocwritnr sxgnal and a oub-nultiple of 
fv' oransnix-ter froqup, cv were suoAL \ The subraulti Dl -1 freq-ipne'' was 
s :if t~d within th • nit, and the shift 'd output was supjii d to the trans- 



-*Nupi -'rs in ■'arantk-ses refer to tno biolio ra’fiy. 
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nitter where the Ice r er output was multiplied uj to the radiated frequency 
and amolified. An "xamle ox the separate oscillator keyer is t ic Navy 
model .FSn. In this t-nc the direct fr^quencv-modulation of a low frequency 
oscillator on a frequency of about 20 ") kc is produced by the action of the 
signaling code upon a reactance tube circuit. The output is nixed with a 
crystal oscillator or the transnitter oscillator and the upper sideband 
is selected by a inropriato tuned circuits. Th«n follows frequency multi- 
plication and amplification to reach the; desired final frequency and 
_>ower outputs. .-.side from the ke/er, with this svste/ti, the transmitter is 
"ftnei’all'’- conventional and t’ne cane equipment normally used for on-off 
ke d.ng is evnlovnd, often with a small reduction in power output because 
of the continuous duty-cycle. 

With amplitude-modulation, the unwanted sideband may bo removed by 
filtering or b ,r out chasing. Of these two methods, the latter seems more 
practical. The system described in this paper illustrates the use of the 
outnhasing technique. 

2. Stability. 

For any frequency-shift s/stem a high degree of stability in the fre- 
quency-determining elements is required. One stated requirement (2) is 
that the frequency stability should be within plus or minus 100 cycles in 
a system using a value of frequency shift between 500 and 1000 cyclos. 
Another author, Lindsay ( 5) , states that in practice, the value of frequency 
shift may be allowed to change a few hundred cycles due to variations of 
the shift itself or the carrier frequency, or both, unless automatic fre- 
quency control or bias-correcting circuits are used. Variations in 
carrier frequency of a relatively slow nature, ui to perhaps 2000 cycles 
may b« tolerated, except where it is desired to keep the channel width 
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very small, in which total variations of jIus or ranus 2U0 cycles arc 
desirable. 



Of the various s atoms, toe most aractidal way to ac/ii v; toe required 
stability is tv the us* of crystal-c on trolled oscillators, with the osc- 
illators in ten ae rat >re-r emulated compart icnts. With the exception of 
f requeue r- ; odv.la tv n o_ t e master oscillator, tie outca.ing technique 
is alone a nag t K o3 o listed t .at requires only o n e r.f . source, and wh«rs 
or, jl^te crrstal-control is on.iloved, tie Vasj.ng svat?.; ’ias the advantage 
of r^quiri i onl r on' orvstal. In this svst-n, also, it '.as boon oointeci 
on t ! at o' ' r©f. soi rc n .ay b * at tV* ’'sir-' 1 output frequency with much 
L ss ’i-Jiculty. 



3. 1-rdj.iiit/-. 

On’' disadva.. b-i r for any s'st'r.i which ^ses crystal -control is t>o loss 
•>.? a In : : \il.lt r in c an in irequonc r . It was -robabiy more for this reason 
t i . for unv other sin ,le ’no t’'at tV t^o-' of lever evo?_vcl possessing a 
s “ -jaru te oscillator. Witu the l-.o ier oscillator f requeue r always th*' sa in 
regardless of the channel output f requeue r desire^, the key or circuits 
could bo ir set and. optimised for this condition. That some stability was 
sacrificed in ) raittin^ o’s tra is itt r aster osc:Lllator to be contin- 
uously variable was considered wort' t e gain in flexibility. In the out- 
Viasin; sv3t..*si it is almost nanda J rr r for any reasons that th rt r.f. source 



* a x ,::ed froq”'>.ic r , with r"s 'Itin ~ lo-s in flexibility. Having only one 
r.f. sou re-*, it is a 7 :isah ^ for stability for it to b** crystal-oontrolled. 
f’i' t-atc i;- oh circuit ~L -neats inc India tub s is lar^l/- le* pendant on 
lr<-qu"nc/. Th r.f. > as*- shift networks, which must present to the two 
balanced .odulators co .jm'''ts 90 do re-s a car t :ln chase are best designed 
for or« frequency. In addition, tie steps r^quir^d in making the initial 
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balance against carrier and unwanted 3ideband are complex and time-consun- 
ine, encouraging again the restriction to a fixed-frequency use. It may 
ooi.nt'*^ out that there is no great need for a frequency-shift system 
tiat is continuously variable in channel frequency and the ore sent trend 
is toward fixed sources, 30 that the above limitation is partially can- 
celler 3 . 

he Linearity. 

Another point ox comparison is the adaptability of a frequency-shift 
system to the transmission of facsimile signal*. Using the term facsimile 
in it3 modern interpretation a* being related to transmission at high speeds 
using apparatus for continuous recording, t - outphasing system as des- 
cribed here and shifting between two indeoondent sources appear somewhat use- 
less. Ho intermediate grey shades are possible because only the extreme 
frequencies are used. The frequency-modulation types arc well suited to 
facsimile provided that the deviation is essentially a linear function 
with respect to the amplitude of the ke^in* signal. 

Distortion. 

Discussions c onoerniny the problem of signal transitions are taken up 
in the n'uct chapter. It is shown t’ *re that the out ) ia sing system cannot 
b* wav-shaph.l in the ..ianner that frequency-nodulated systems are wave- 
shaped to reduce sideband distortion, but that techniques may be employed 
whic \ reduce the distortions brought on by the inherently sudd-n changes 
in frequency* In the consideration of bandwidth in Chapter IV, it is 
shown that the width of the radiated spectrum can be restricted to tliat 
comparable with other systems. Since t ; e on t f- a sing method employs r.f. 
and audio oscillators which jroduce their base frequencies continuously, 
and the switch i3 a discrete ohas* shift, this system is le33 susceptible 
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bo th^ iJU’’ "i ra ’do i phas* discontinuiti -s of the tv.vs ?n ploying two 
independent r.f. sources. 

6 . Siw plica tv. 

On? of the best feature on a comparison ba3i3 of the system under 
investigation is tbs relative a in )licit ,r of design and circuitry loading 
to economy of stn r s and circuit corr;*or«mts. No filter j are required as in 
moot of the other a 73 toms. Frequency conversion and f requeue 7 multi pli- 
cation stages are not ease .tial in general, for the ko. ir er my be in itself 
a source of radiated energy at the channel frequency, requiring only 
oow^r amplification. The feasibilitv of cost reduction on a multiple 
si ,r nalin 3 circuit by cnplovir.g one audio oscillator as the sideband source 
for a number of channels has V»n suggested to this writer. The 3 vs ton 
l^nds itself w**n to th'* nso of ndciatur^ diodes as bridge or ring 
modulators for the '-ala iced modulators, thereby b^ing compatible with other 
miniaturized n l - 'n^nts for modular nacka ;iir . Copper 01d.de rectifiers arc 
suitable for operation us to frequencies of at least k megacycles (11), 
and the author's experiments have demonstrated the ability to achieve 
balance against the carrier of bV order of UO db with these diodes at 
lower frequencies. 
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CHiPTER m 



FROBLEK OF SIGNAL TRANSITIONS 
1. Natur<° of Transition. 

Ono area of investigation with this system is that of the results 

of the mark-to-spaca or spac®-to-nark transition. In the conventional 

t 

reactance tube kever, techniques for shaping the keying waveform arc 
used to make the signal transitions a more gradual change as the output 
frequency moves from one desired frequency through all intermediate fre- 
quencies to the other desired frequency. This diminishes distortion of the 
output frequency as well as restricting the transmission bandwidth by 
curtailing the higher harmonics of the keying waveform. The question 
arises whether waveshaping is desirable or even possible in the out- 
ohasing system, and what frequencies exist duririg the transition period. 
Davey and Matto (2) state that 

» • • frequency-shift keying is a form of frequoncy-nodulation in 
which signaling is accomplished by shifting a constant amplitude 
carrier between too frequencies. Frequency variations in frequen- 
cy-shift telegraphy corresDond to amplitude variations in amplitude 
modulation, thus signal transitions in frequency-shift are frequen- 
cy- time transients, while in amplitude modulation (on-off keying) 
they are amplitude-time transients,, 

This is certainly true when th« too frequencies are produced by a fre** 
quency-modulation process, 'but in the system under investigation here, 
each sideband is separately produced try an amplitude modulation process. 

In the steady state, at least, since only too frequency sources are 
oresont, no other first-order r.f. frequencies can be produced except the 
carrier and the fundamental 3ideband frequencies. 

In the reactance- tube keyer, the waveform of the keying signal nay 
be followed in amplitude ooint by ooint, each amolitude level repre- 
senting a different frequency separation from the mean carrier. In the 
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sysb'-m oroposed h-re, however* the keyin' 1 ; action consists of breaking a 
sot of r-’lay contacbs and remaking contact in the opoosing position, so 
that it i3 a switching action rather than a smooth anolitude or fre- 
quency transition. This also aoolies to the use of an electronic switch. 

2. Case I, 

In th' 1 ideal case, assuming no transients and zero time in the 
s’-rLtohin 1 '- o oration, one sideband is selected and then the other. To 
ake this selection, the fnase of the audio signal to one set of balanced 
modulators is instantaneously r -versed, while that to the other set re- 
mains the same. Also, since the ooint in tne audio cvcle at which this 
sen. teeing may occur need have no common reference from tirae-to-tLne of 
switching, being deorndenb only on the particular time of c’naa ';c in the 
bel e t "wri tor signal, uo must e'eamino first the results of such random 
suite bin--. Figure 2 shows waveforms that may be tul.en from the keying 
r^lay, with the amplitude at the bine of switching equal to zero, half- 
o^ak and oeak amplitude. It is seon that ir. all cas-s except when the 
a >litcdo is zero, a discrete jump in amlitude occurs with the reversal 
of o a3’. In assuming no transients, the sudden change of amplitude may 
regarded as a step function, whose frequency distribution is found by 
Gold an (3) to be continuous with the ener y proportional to l/w^, 
being therefore concentrated at the extremely low frequencies. 

Of the waveforms in ligure 2 t’ e case in which bhe signal is passing 
thron ;h 3°ro anolitude is taken, since the analvsis of the other cases will 
b*' similar rrceot for th* addition of &■ oropriatc chas" angles and the 
juno in amlitude. Talcing 1 i* zero tine axis as the time of switching, 
the 1 '0 degree phase change may be ''ffeof'd if we regard the signal before 
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tin* s*ro as ')• in;, a si ral ol Ar. wt (unity a ullt; i'oi sis lei - ) 
and aft-r ti *e s«ro of -sin wt. An expansion. oi tAs wa; • ion will ha.".- 
varying a .aLitude coefficients, dmendi ) ; on ov; . anv ctcL»-> ■ tore anl 
aft^r tin zero ar* taken into consideration. This ’e j* a is on to a’ dio 
fr^quoac v and t’» k®‘ r ing interval, but tie k' gi ng ruv 1 a si A find t 
assn .e periodicity. Since this particular lurcti'n possesses soi^trr 
about the origin, t," function is av'n, arid t’ <* Fourier ax xusm can 
therefore b-- mad*. as of a series of cosine; t'r.is alo 1 Ass a sostiblo r - 
mining constant. If only on'- c 'clr is consider- d, lor oxanA , (one- 
half c r clo on ones side of the tin* 1 z^ro vint) t s o r-uoansion b cu.*j: 



qumc/). a noro practical nunb* s r of cvel- to consid-r is in f - or’^r o 



fro^uenc’' of cvcl- - (a c-j,l on sAit frequency) is ju-t oy-r ?. 3 r-ALli- 
3 "cords in len t . *s was ramtioned earlier, an integral n ' i v -or of c r c 
of audio f raquei c * on 'rally do not occur par state, ut ..or anil'll, o’; is 
is so taken. Taking T equal to 10 cvcl - a or 20jf radian-, t-." > onrior 
ojr.iansion of t’’ r ‘ waves or. , b c • u s: 








e 




+ 






16 



This expansion in w icabm; t ^ jiv j - o ' o‘ o r xi u n*>n- 

ino ml mr/i^r oj c re ( . r j . j ,: bo mi ~bai i * tot v .1 ar/" odd 
wc^ld hav- aamr \ bv.t ^inc^ l>r fas rirc .c 1 r iiiooavb >1 saibc 
i:a'--*forK is a:i m> v onl r ir»*q’ ' c:a t rio , an ,ar ^nlr 



relation 


to t’l 


an ' l n 


ir *q. ntc.^ 


M’ 




ji orN 


c- 7 iv o’ 


Is Id 


1 *alj 0 • 


•J con’itio 


or jwite 


’lin ; ’, 


/ 0 


a 1 1 i.o si 


nal 




taj 


: "a* r 0 


1 1 . a- ■ 


i lit”d 




i'u *.c tion 


b^co. ; 


j arc. 


rniii trical 


ar 




“it 


l ' orl . ' 


a:/ 1 1 


j Vuio 


an >dd 


fmc bio 


Its 


. roans 


t O t 


• 


O' 




u j ox 3-ru 


t^r ic 


c 

0 

r-( 


, h. , 


jossrsoin 


. , onl- 


r '•& r- . • 


rile *3 -I o' 


' A 


d: 


in 


si^nnl, -.ii: 


\c i 


^ is 


b r» jn 1*0 ^ 


i’l-> !' LC 


t’i 


u r av jl 


oiu jas '1 r 




d 


» 


1 or ' L’ . r 


list:.. 


X J 'i 


ouitc ing. 


exact s”vi 


lifttr r 


ab ; t 


i * ! ^r. ,-Lu 


u. 




r.n 


b * :i ^ b y 


Cj c* 


vj* 1 ^ : 


or . -v 



still 0 * rrjclv ' irrt ' a mmc cora j 0 0 a ir qv .c n; 

the b* rol j . 

3o Case II • 

Consi>ri: r l t cvr.Hil in ■„ ic • xrarmi ocevr, ..»vt a 



fiiii-j ti. ;• ■ 


is t..kon so co:olyto t!v 




JX'no ^ , io 


Is aj., 


. • ■ •<■■' t -at 


'at • ■ ^r t- 


ir.jtantaa rmj a.-Olitud'’ 


• '•) .'/d 


b ' i b b * 


,w i bo 


' ■ . ; ins tan 


it S"^l«rlv 


dro 1 j t'l soro and r^rai 


3 at soro 


nnbil bo • 


0 tacts 


close in 



b’*r nthrr ^osibion, a x atic’ birm ti * am jilt 
exist!*' at 1 ') 1 r ' r^i^r-bnoo si • rat. 
ua/ i>’ ’ravn, 1 nvi mnnim ar/iav suite' 
various ra.^lo \e . to _ L a'^io c 'nl . 5 



b j c" i \ ■ jams bn that 

a p erux wav forma 
1 * -i n o cXl' c ~ i ■ ' uc l \<fs at 

i * u. jo i. OL i Vi x a i*' ' 



a^oOTi on Fimr* 3> tuui.*, c. ,u L 1 t m 1 nsbanb.; at u Lc ' b a*'io signal is 

,oi j • t'-mr 2. oi" , m - all* and :na!: anplic * r , ■ 1 a. . i, • t r 



sr./itchine ti. m bo 1 m* t ^ nr^'-r of onu-criar b^r e ml:*. 



Tins b< o r n'n a -uC *•* bj-imony function^ an 1 . e r 



r 



prici.-v; fiv r 



nc ar : the orm a. o. b\ a 



. 1 

1 . i. 



in 



17 



,-ohe 



SWITCHING waveforms 

S«;tch:«j t.-e « %. V c/C (Case IT) 
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do rc?s r^laciv j an! t ir ' pros non t.'.® audio si ;nal in l>o cl' Tfi:a re- 




the third ornducet, th*or*tinallVj no out xt, and t s « last pr<>duoi*« tie 
w >ot ^ i ,, rb'v~ rl . Tht r * ainin ■ c T ions ar-’ those u’Jc na,r be regarded 
a ; :ain an stes Jvnctinnt, <rodaei.> ; v uido band ox xroqn.pncirs nr Tcateso 
en-'rjy nearest the cai’rior frequency, 
h. Caso III. 

In th> final can , thu prs nc of switchin. , transients contributing 
to the to forms ar» taken u>. Th? five roqions existin'; i 1“ jr '.c^r'ino 
cas ' art a -a in present, tut hero tV s jddm ji sips in anolitud* ar" ro- 
ilac d bv '"eponential falls and ri««s at th' ssitchin" instants. If tbo 
decay and rise tirn-s ar? such that thev art equal to or loss than the 
switching tine, no ov rlap would occur, and tbo resulting wav -forms my b.. 
such as those shown on Figure U. Here it is assumed that it requires on*>- 
quarter of t- - ? audio c ,r cle to switch from on? set of contacts to th? other, 
and that th® rise and fall tin's c. r* each equal to one-quarter c *olo . 

.rain t s ? cases ar? shown xor tV start oi switching as In tic or«cod’nu 



..s 3bown, narked iar bur's fro. 



joilal ..av^sba )-s occur durin^ 




transforms such that: 




j u> -f* $ 
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SWITCHING WAVEFORMS 

Sto/itchinj +:»,? = '/+ cye/c ^ fmnsttnt — */4 *y c /t 



(Case m) 
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wncr'* tq i 3 tiy int*x^/al of tiraf unci'** r CTSid rut-ict . It is an* n that t ;is 
co-.mrisos a ran y c \t fr*qca .ci* 5 d-*u mii.a..l* s.jlit d do p ncient on 
the tine f, taken as the decay or suite' 'In tf . II* r r a .in t*. a.nlit'rV 
in inv*rr> l r >ro jortional to t’> xr-'qjertc.’-, so f'at V' sn?r 7 1 Lstribution 
vari • s inv rsel, r as t t square ox the freq-’^ee - a r. r1 is C'-ncentrat-d at 
o>:tr ’'.i Iv lou fr-yu *nci .*s. The risir. transient cannot >usil’- bo r^solv d 
into frequency co no.y its, but it .'iav s* n : mi,; t ie ii ;ur -, j a.3 " inq 
iad • 1; 01 a u L 1 *• n 1 •' ox irequ* - es on a i r.stantanoous xraqu 'icy 
basis. T’10 resultant oiiec t on tV o tost during tie transition > riod vul 
V to oroiuc*. a spocor.n so .oral ti.nj t audio signal in width. In 
one ml those freque lcies would b*-- double-sideband, since tV* outohasinn 
would correct only for f' 1 deni nnri audio x requeue r. 

5 . Uniform id:as«->.rift. 

It mav be conceived fnt a -rout deal of t >e _bove transition ijn-.uvc 



distortion:; c uild bn avoided b r ."u^.in too 0 to 1 0 d 1 :ni audio suite 1 
a r s snoot ) *asc chan ;e rat or t in di..cret*' /ay. Th«n, as s :oun o. . 

ri^ur* on- nidohand frequency -Id drou rapidly to zero w’lil- the other 



3ido’- 1 1 fr-vqrrncv would si'iultan*: ouslv rice to 
this effect, a device or circuit 110 ild nv * to 
furnish a ra;id a-d accurat reversal o' v as , 
rydiat pins'.;, an 1 cooqletin; its operation i. 



drill a . ilit' dc. To wfom 
« ?rovid d which would 
;assin r t. rou.c * all lit* r- 
a 3 1 all -'icou. - 1 tine fiat 



t l y signal ini llipenco would not Ty C’an;od. 
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VECTORIAL COM 5INAT IONS 

SMOOTH PHAS£- <S H i FT 



Norrndl combi ncrfi an } & = o°: 
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C.iiT-R IV 



R.NDWIDTH 



I. Constant 3p ed Ke»vinq. 

The custonarv technique f<*r xunlnin t,'-e bandwidt r quirs-i'nts of 



constant oo^d ’"r/l ni of oqual iat rvals 01 tine. For the conventional 



whero ra is the frequence shift divided p / twice th' 1 siynalin 0 sp^cd. It 
would not b-' r- asonhMe to assn,, that for the ortohasin- system anv dif- 
ferent efioct woi Id he not d , since a selection of upper and lower side- 
bands in the sequence of a square wave bv an outp~asiri' r raetno^ oroducss 
identically the sane frequencies per state as those oroducod bv a frequency- 
modulation jroccss. For a square-wav- 1 ' keying wu /-'shape the abov'* form is 
also the spectrum out >ut of th" outo-asinq technique. If the total frequency 
difference b''tw""*n out out frequencies of "nark" and "space " is o-O cycles 
o-'r second , and a square wave of 23 cycles per second is oran Loved, tho re- 
sulting soectruxi i3 shown in Figure 6. 

2 . Wavoshapinf. 

That a square wavs kc '■ir. wav form is not op cificaliy 1 sir- d is 




koyer enoloyinq frequency- modulation, a irequsnev of w/ flf modulat--' 1 with 



unbiased square wa -o dots of fr-que x r 0/21 T» ’ of unity amplitu'>. 



Dav-y and i a tV* (2) show the followin'- cutout: 
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widol r r- co • iz " , Line’ jay (£) )<u 'ts orL tiat r . \ r -j. i. 1 •! to' 

w’lic ) ar r ae toaiLy squ#i" WiV*’3 would r'jult in t a nee >:.tio o/ a wi > 

air 1 at go* cr-atior of /me i undesirable nr. ’ :i nn c«ssnz-' infr * r ->o f . 

Salin or (y) further shews taat a sadden c .an * in lr q a.»c r is qiivaly.t 
l^»ywitcixr oxf fy orijinal frequeno - ilr fy ar\i fr^qa- rcy is eis-nl- 

tanooncly suite - c 1 o i, q' aeratin' in a r§e«is ini xilt* r two transi roa, f r 

*r- /'loo j -v-i.i ; suuilar and addin'; up to a c not at v -lr , ./it us t;r o irri»r 

fivq 1 ci« ■ arc dlii^r z, bo«t3 occ r, ot-in in. r-coxv»*r. 

For t * convent 1 '-ial t r po ox fr^qi' nc ilo 1 ? r, v~/«y a vi vs 

required a d >o 33 illo. S nrir of tie nodalatin • wav is us ’.all r acco-m- 

lij ’ 'hi ’.yr low- rasa or *-a I’-oass filters. Th-se runo*. t 1 * r -ar. ionics 

o" t’’-* r ,r l w or:, befor - * t •* aav or. ij appl ’ go u * r y c - 

a 1 V. i“ o'_n” b. Coiiwid-'r.'-blo d •» xirt r* i ro or b.*il sq ar-u/ave 

;i nl •! ‘ aba on • uj-' * hr atte. matin . of '■! Vr a ’..n.iiej, provi 1 

fy circ ait 3 >ns ; lar. 'lies r / to t • bin- 5 cu b. cjj. ctiv' .10 .ilati r 

ir.- q • .c/-. 

Since w \ y j a)i is d jir .'l -, iV n o„t on nri . o or ,.ii b 

*xt-*at, it a nq u\ v- a ■. i.n can S'.A't' uio ■> < «yi . -_,t v. u\ 
order to restrict its brn.j it sod bnndwidt • on. radian d i . . To att'\. t 
) o t' 1 iy.'i ; w iv'ii im in t’ Lc 3 'at •. i b lr./- iilters to 

mv '■! *r bar v rice _rd i -end oil r,’- • u.v lorn wo -1- onl/ serv to dis- 
tort t’io nri Lnal intelli ’• nc e by e aa li bo tiv of av.be _ q an a ount 
do rr> l-> g on tb' -jHnoiti./it of fi rt k win rcla.'. If ti * ..*/•** r w«re ji'v. to 
s.rit'’ ’ o otacts oGactlo at nid-a .plitudo^ ao cian-o at all v/ > ’Id b° exp r- 
i-.v, c ^a. j^noitioitieG l^ss t'^an rid-an olitudo, . ,ar,'lr oin . wo’-ild ••'o 
orodue; ij at 3''n3itivit.>.- , 'S router fan : ii' 1 -ai.olib ’ 1 ' ^ , jj.ci.i bias world 
occur. T-is asjr.'.os t ‘at f r"' u^s tivo- -oi i .mrtion of t ■> wa r -> corr srondo 

2r 



-A 




to "mark''. Harkin'; bias occurs .. ;“n tk* r»sultin; out ut ;«irk •jilaal 
o::c sds the width of the in u't tol ». ty mvt± t~r .ark si nai. In fact, the 
rising and falling swi tchinn point.; of tV* ko’ r -'r s.r r not non ssarilv at 
the same anolitude, so th.t other boos ox 'isbortion coul^ occur. Thia 
prevents tb® custo ;a rr wave- jha pin toe mique from b°inp emloved, aa t ; ■' 
o t /at is not f requeue ’■-sensitive with a. i /lit* d*. 

On* ty jc of waves 1 a jin,- jus bo-n ootior'd earlier, w.^rein t ’<► c larry 
of audio abase Iron on*- extreme to foe other would or na^e aj a smooth 
transition rather than -an abrupt s' ift. Thia is an _,u Aitadc shapin'* of 
t' outsit, and would affect tne bandwidth by removing any of the dis- 
tortion transition iraqvrncics extrudin'-; b Awe m and beyond oh* desired 
froque icies. Ths r snltant in th output would still 1> a transition fron 
one sideband to the other without oassin,; throu gh int mediate frequencies, 
one sideband auplit' do decreasin'; unifor.A' a3 t s o ot!wr rises. 

3. Reduction of Bandwidth. 

It is d'-sired to reduce the bandwidth to tv equivalent of that of 
or.-off keyin' or ot'v-r net ods of ireqi.:"nc’ r - shift keyir. . Sora^ue (10) 
shows that a k*v r in s >ee 1 o, 23 cycles per second shaped to contain the 
lundrr./'ntil Aus a l i.r- ’arr.ionic at on*- third t h n a. rjlitudo ox the fund- 
an-ntal ideally pro k c •• a a Pa idwidt ox 1 3 - c 'cl.-s in an an Aitudr-r.iod- 
ulation jet ,.i, Thi_ is nov* r afctaine' 1 in practice because o.. squaring of 
the w.v.ef or . in one cc din: an plifiers, so that a wore practical bandwidth 
is about l?OQ o -cl o. (Square -wave key in , at PJ cycles ut second would 
jroduce infinite harxnnics, bub those ci r\_tor a nLit'-r 1 *' t an ~hQ db 
wo. cb rrSject to the ^unda,.. . .u_l extend to a bandwidth cf onl r A out lc5>0 
e 'cles). For c juv n tiunul iroqa rt nc '-shift lo*yin , t •* sNtp®d wsr^foiH 
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produces a bandwidth of 1100 cvcl»j where 550 c cl*s nark-to-space separation 
exists while a square wave would pr<^duce bandwidth of about 1620 cycles. In 
the latter type, reduction of the total frequency shift to 250 cycles would 
give a bandwidth of about U 30 cycles. Now for the outphasing m-tbod, 
using a frequency separation of 850 cycles, it would also be desirable to 
restrict the radiated spectrum to 1100 cycles for a dotting sp-^d of 23 
cycles per second. 

One »ffective method of red- cinq t’r radiated spectrum that aooears 
practical is that of highly s*lective r.f. circuits in th* transmitter. 

This requires that, with the effective square-. .ave keying waveform nec- 
essarily employed, the outer sideband frequencies of the 2l|th harmonic of 
the dotting speed, already at a level of -28.6 db from unity amolitude 
(21.3 db down from the want*d sideb nd f requ'-nc^) , would have to b*' 
attenuated 11. U db more in one or several selectiv" circuits. The universal 
resonance curves show that for 11. U db rejection, 




so that for a bandwidth of 1100 cycles, 

0. = LL = JL or- Q = .cot i 

)ioo fCCC > 

Now, then, for a practical of 100, the mean frequency must be in 
the neighborhood of 33*3 kc for a single-tuned circuit. It appears that a 
frequency-shift keyer by this technique must have its base frequency less 
than, sav, 50 kc, unless nultimie-tu md circuits ar* ennLoy-d to further 
restrict the transmitted bandwidth. Siico multi ole-tuned circuits may b« 
used, this is not a serious limitation. It must be borne out that with an 
11. i; db rejection to 550 c/cles from mean frequency, the rej*ction to the 
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wanted .sideband of U25 cycles from mean frequency becomes about 8 db, so 
that in the selectivity to restrict bandwidth o db of wanted energy is 
lost. 

To reduce the total frequency 3hift would be more effective for the 
case where a base frequency of higher than 50 kc is dosireid, unless mult- 
iple-tuned circuits, with some inherent conol**xity of tuning, are employ'd. 
It has been shown that reduction of frequency shift narrows the band, and 
where the bandwidth is again desired to be within 1100 cycles, the shift 
would be of the order of U00 to 600 cycles total shift for UO db rejection 
without reference to the selectivity of the radio circuits. Highly sel- 
ective output circuits are still desired to restrict the spectrum of har- 
monics of the audio source and other intermediate frequencies introduced 
in the transition zone. 

The problem of production of a wide range of frequencies associated 
with key clicks due to the sudden switching of the audio phase could be 
mot in part by a rotation of phase in some manner as pointed out earlier, 
and also in part by the technique of selection of t^e switching instant at 
the time when the audio modulating voltage oasse3 through or near a zero 
amolitude point. This could be done with considerable additional cora- 
clexitv of the circuitry involved, but is perhaps a very logical approach 
to the problem. 

That the method of production of frequency- shift keying by the out- 
phasing method in its simplest form does produce a wide spectrum output 
has be<*n shown, and a few ideas toward reduction of this bandwidth have 
been presented. That by these techniques the bandwidth can be reduced to 
that comparable with other systems has also been demonstrated. 
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CHAPTER V 



EXP 'RIirNT.iL DESIGN 
1. Description of Circuits. 

An experimental model based on the block H ia-ran of Figure 1 on page 
5 was constructed in the laboratory of the United States Naval Postgraduate 
School. The chassis layout is presented as Figure 7. The essential 
features of the various circuits are explained within this chapter along with 
the exoerimental results obtained. The model was constructed merely as an 
engineering tool to demonstrate the techniques involved. 

A crystal-controlled oscillator was chosen for stabilit-'-, while the 
frequency of 3 megacycles was used to demonstrate the use of the out phasing 
orinciole at a desired channel ''frequency . The circuit of this oscillator 
is shown as Figure 8. A 6AC7 tube was used in an electron-coupled oscill- 
ator to minimize the effects of loading by the succeeding stages on the 
frequency-generating portion of the circuit. Only a small output was de- 
sired since the r.f. drive was to be aoolied to the grids of the balanced 
modulators. 

Following the crystal oscillator is the r.f. 90 degree chase-shift 
network shown in Figure 9. For simplicity, each component of the r.f. signal 
was shifted plus and minus U9 degrees respectively to achieve the 90 degree 
phase difference in components presented to the balanced modulator pairs. 
Certain variable components were introduced tor eare in adjusting the phase 
shift and obtaining amplitude balance. An electronic switch proved useful 
in checking the rough alignment of the phase-shift network with the output 
presented on a Tektronix ?11AD oscilloscope. 

The audio oscillator employed a 6SJ7 tube in an RC phase-shift feedback 
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R.F, CRYSTAL OSCILLATOR 
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network which shifts the plate out rat signal through 130 degrees l'or 
* 

introduction at the grid of a signal which supports oscillations. The 
phase-shift network was made up of three sections, each designed to oer- 
form a shift of 60 degrees. One resistance was made variable to adjust 
the frequency to the desired value of U25 cycles. (With such an oscillator 
at a level just sufficient to maintain oscillations, an almost pure sine- 
wave outout os obtained, while the frequency stability is very good.) The 
circuit employed is shown in Figure 10* 

Since it was desired to have available to the keying relay two audio 
frequency components 130 degrees apart in p N ase, a paraphase amplifier was 
chosen (see Figure 11). This employed a 6j£ tube with equal plate and 
cathode resistors for the required outputs. A potentiometer wa3 used in 
the input grid circuit for control of the audio gain. The gain of such a 
device is less than unity by virtue of cathode degeneration, but ampli- 
fication was not needed at this point. 

The keying relay employed was not optimum in design as a readily 
available relay was used. The relay had two pairs of contacts, and was so 
connected that the output always consisted of a signal of 0 degrees phase 
reference presented to amplifier number 2, while that supplied to amplifier 
number 1 through the succeeding 90 degree phase-shift network could be 
selected as 0 or 180 degrees phase reference for eventual production of 
the alternate sidebands. Provision was also made to break contact to both 
amplifiers at the switching times to prevent the generation of a double- 
sideband signal as described earlier. The circuit arrangement is shovm in 
Figure 12. 

The signal to be furnished to amplifier number 1 is next passed through 
a 90 degree phase-shift network made up of two sections, each combination of 
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R and C to provide 1*5 decrees shift. One resistance was made variable for 
adjustment of the proper ohase shift, while a Potentiometer was required to 
balance the amplitude of signal 'presented to amplifier number 2. Although 
it may have been preferable to perform the 90 degree shift as U5 degrees 
plus and minus, as with the r.f. components ' to preserve more amplitude at 
each point, the circuit (shown in Figure 13) was much simpler to construct. 

Two reasonably identical stages of audio amplification, one for each 
audio component, were employed to be operated as Class A for linearity. The 
tubes used were 6J5's and as shown on the circuit diagrams of Figure lix» 
transformer outputs were taken from each plate to -provide double-ended 
signals for push-pull modulation of the screen grids of the modulators in a 
balanced modulator pair. Amplifier number 2 gives outputs of 0 and 130 
degrees o^ase reference to modulators 2 .. and 2B, respectively, a lie a. a ili- 
fier 1 gives outputs of 90 and 270 derre^s ohase reference to modulators 
1A and IB, respectively. The latter cutouts are reversed by the keying 
selection. 

The circuitry of the balanced modulators provides for application of 
an r.f. component to the grids of each pair of modulator tubes in -arallel, 
while the audio components are supplied in push-pull for screen -rid mod- 
ulation. The double-sideband output of each modulator in a oair is placed 
in push-pull across an output tuned circuit where the r.f. carrier is bal- 
anced out. The combination of the outputs of both balanced modulators in 
the phase relationships obtained provide further for the accentuation of 
one sideband and the suppression of the other for eich state of the keyin - 
relay. Carrier balance is obtained through the control ox the relative 
amplitudes of r.f. signal supplied to each modulator of a pair. This is 
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done by adjustment of the potentiometers labeled "Hod. Balance", (} igure 
15). Tubes were selected on a trial basis among several 6G6G tubes to 
obtain two pairs which could be balanced to a minimum of residual carrier 
within the range of the balancin'? controls. Different combinations of 
tubes seemed to have no effect on the magnitude of the balance, but only on 
the position of the control for the null. 

Two oower sources, both external to the developed model, were used to 
limit the load on each supply, and to provide isolation of the r.i. and 
audio stages. One power supply was used lor the r.f. oscillator and the 
balanced modulator plate voltages, while the other furnished power to the 
audio sections, and to a volta;-e regulator tube for the screen voltage of 
the balanced modulators. 

2. Alignment Procedures. 

Using a stable laboratory audio oscillator at Li. 25 cycles per second for 
reference, the audio frequency adjustment control was varied to provide 
svnchronism as shown by Lissajous pattern on an oscilloscooe. Next the 
audio gain control was set to provide the maximum undistorted signals from 
the paraohase amplifier. The audio phase adjust and the audio balance were 
varied alternately to Provide equal amplitude signal cormonents while the 
phase difference of 90 degrees was observed by a circular pattern on an osc- 
illoscope. Phase differences were also observed anon,, the four reference 
voltafres at the output of the a- dio amplifiers, and corrections as necessary 
were made with the audio phase adjust and the audio balance to obtain t'-’e 
proper phase and amplitude results at these points. 

Adjustment of the r.f. sections were made with the audio signals re- 
duced to zero. The r.f. phase difference of 90 degrees between the two 
components was set as closely as possible at the 6 g 6 grid points in the 
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manner described earlier. The r.f. balance controls were varied at the 



same time to provide equal amplitude signals. Taking an output from the 
final tuning circuit by transformer coupling to a Tektronix 511AD oscill- 
oscooe, the ooints of best carrier balance were observed, and necessary 
readjustments of the various controls were made, after the modulating 
signals were reapolied, for best production of essentially single-sideband 
output signals. 

3. EXPERIMENTAL RESULTS. 

Using one combination of 606 tubes, the average carrier balance was 



29.2 db, from the following observed values: 




Output Signal 


Voltage (rms) 


Tube 2A alone 




Tube 2B alone ..... 




Tube 1A alone 




Tube IB alone ..... 




Tubes 2A and 2B 




Tubes 1A and IB .... . 




Tubes (all) 





The average with one tube being 72.5v and that with two tubes 2.U5v, the 

72.5 

carrier balance is 20 log 2.1i5 , or 29«2 db. 

That this was not of the order of UO-60 db rejection as desired was 
noted, and different combinations of tubes were tried until a new result 
of 3^*3 db was obtained. This was the best obtainable without replacement 

* K 

t. ■* "fr 

of circuit parts or repositioning of the center tap of the output coil. 

With the audio modulating signals apolied, the relative amolitudes of 
the single-sideband outputs comoared with the earlier output alone was of 
the order of about 25 db. This, of course, deoends on the degree of 
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modulation used, but was tie best obtainable without oroducing audio 
signal distortion upon increase of audio gain. 

The first attempt to measure the components of the radiated wave c^n- 
siste^ in the use of a Navv model RSS receiver placed close to the exciter. 
The receiver was tuned near the mid-frequency air* set on CW position. The 
presence of the individual sidebands was noted by the change of tone with 
change of keyer position. The carrier was then zero-beat, and the receiver 
output was intioduced into a model GR 7 3&A Wave' Analyzer. 

With the lower sideband being produced, the following components were 



observed: 

U25 cps 0 db (reference) 

8^0 cps -16 db 



This showed a second harmonic of the audio comionent doxm 16 db from the 
fundamental. Other frequencies were down at least $6 db. 

With the upper sideband being oroduced, the readings were: 

U25 cps Odb 

3?0 cps -12 db 

This is a 12 db difference in harmonics. Other frequencies were down 
5U db or more. 

It was quicklv realized that in using the receiver, the amolifier 
stages would readilv suppl/, in effect, the missing sideband as long as some 
carrier component were present, and that the harmonics of the audio signal 
mav have been oroduced in the receiver as well as in the exciter. 

The next attempt em fLo^ed an,Li!-l Frequencv Meter. Qj zero -beating the 
orincioal signal for each of the three states of the keying r<MLa-', the 
basic frequencies were measured to be: 



Uo 



Lower sideband frequency 2999*75 KC 
Carrier frequency 3000.15 KC 

Upper sideband frequency 3000.60 KC 

Next, with the Lm-1 set for a frequency slightly off the oosition 
corresponding to the carrier frequency, the audio output of the frequency 
meter was introduced into the GR 73&A Wave Analyzer. There was no indi- 
cation of the second harmonic of the audio signal being radiated as a 
modulation product. With the relay in the unenergized position, corres- 
ponding to lower sideband, the following were the significant readings: 

90 cps .... 103 db (13 db down from 

fundamental) 

33o cps o . . . Il6db 

With the relay in the energized oosition, corresponding to upper side- 
band, the readings were: 

90 cps .... 103 db (12.5 db down from 

fundamental) 

515 cps ... . 115.5 db 

Interpreting the above readings, the 90 cps measured in each case 
would corresoond to the residual carrier component, and further indicate 
that the LM-1 frequency was at a point 90 cycles below the carrier 
frequency. The results are shown on 1-igure 16. It is realized that a 
oortion "f the carrier component measured was being radiated directly from 
the oscillator of the ohas^-shift networks. The frequency meter was in 
very close oroximity to the exciter. Another element of the carrier 
comnonent was that due to imoerfect balance. 

Another set of readings was made with the LM-1 frequency set 
appreciably below the lover sideband signal. The results for the two relay 
extremes are shown on Figure 17. Here the carrier is down 12 and lii.3 
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db respectively f ro.u tie upper and lower sideband . An unidentifiable 
product frequency of 320 cos occurred on the lower side. 

Random keying bv tapping batterv ter. inals of a 72 , c v battery to t e 
keying relay gave str-'a; and objectionable key clicks, especially when re- 
moving the voltage source. That this would occur was pointed out in Chapter 
III. im attemot was made to observe this effect on an oscilloscope. Settin 
the 511AD sweep speed at a slow rate, waveforms of the general nature as 
that sketched in Figure 13 were observed. 

U. RFC Oil yV'DATIOFS for IMPROVE •T.i’T. 

That many things could be done to improve the design is amarent, but 
time did not permit incorporating these changes. The r.f. oscillator 
should he variable in gain for better control of relative degree of mod- 
ulation. Shielding should be employed around each of the r.f. radiating 
elements, such as the crystal, t'-’e output oscillator coil (this was 
emoloved), and the r.f. phase-shifting c~dl. Shielded leads should be 
used whenever r.f. signal are to be directed throughout the circuit. The 
circuit elements used in the balanced modulators should ' e very carefully 
measured in value and properly paired before installation. A wider ran^c 
of tubes better suited to operate at radio frequencies could also be used. 

A relav more suitable for use with teletypewriter signals should be 
used, or a keying tube circuit should be substituted. Some means could 
be adooted to minimize the production of key clicks. 

A circuit should be designed to perform the 0 to 130 degree p'^ase 
change of audio signal with keying i'n a uniform manner rather than switch- 
ing. The output circuit should be more carefull * balanced by nropor 
oositioning of the coil center ta 0 and balance of the tuning capacitors. 
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With these improvements, the testing stage could then be carried 
further to include constant speed keying and aoolication of teletypewriter 
test messages for investigation of the radiated spectrum. 
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the ability to orerisel-r control t e eTiW-tlvo carrier a .lit r ei ■* 



a sta v le audio oncilLator. lit’”'' 1 b groat care r.i at e i 5 e in Li.tLal 
alignment and balance of t’.e ciicvit , en o ce ad -.rater] t e s r ste . an 
"reat stability. 

requency vraves’oa Ding is not no* li nail/ iojs.i >lr to restrict th° ra -1 a ■ 
soectr” , although other eans are available to a rr lis'- this e ' e-t. 

Large a rvnts of distort!' n are ca ’.sod hr t ^ si , iaL sra isitioni, t cans 
have be.en suggested to Unit these r ’ stortiens. 

The e-oerinental desi ;n has shewn the jronVcti. >n .1 sin le-sidc a id 
si nals capable of teia alternate L*r s-'lect'-d bet \ie~n • n ar/ Ivy ' r 
eutfnasin . Improvements suggested in tie design vm-ld q ;<•>-.* *ui-ther t at 
this s r ste. i is feasible f -r ise as a frequonc *- 'ift koyer f .r teletype- 
writer si nals, and has features ar.’ serf m.’.nces entirely cn. ,atible wiu 
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